Nonstandard abbreviations used: CLL, chronic lymphocytic leukemia; LFA-1, leukocyte function-associated antigen-1; MLR, mixed lymphocyte reaction; sAg, superantigen; TCR, T cell antigen receptor.
Here we demonstrate that impaired actin polymerization results in CD4 + and CD8 + T cells from patients with chronic lymphocytic leukemia (CLL) exhibiting defective immunological synapse formation with APCs. Although this synapse dysfunction was in part a result of the CLL cells having poor APC function, defective actin polymerization was also identified in T cells from patients with CLL. We further demonstrate that, following contact with CLL cells, defects in immune synapse formation were induced in healthy allogeneic T cells. This required direct contact and was inhibited by blocking adhesion molecules on CLL B cells. In T cells from patients with CLL and in T cells from healthy individuals that had been in contact with CLL cells, recruitment of key regulatory proteins to the immune synapse was inhibited. Treatment of autologous T cells and CLL cells with the immunomodulating drug lenalidomide resulted in improved synapse formation. These results define what we believe to be a novel immune dysfunction in T cells from patients with CLL that has implications for both autologous and allogeneic immunotherapy approaches and identifies repair of immune synapse defects as an essential step in improving cancer immunotherapy approaches.
Introduction
As tumors progress they develop ways to escape immune cell recognition, and this realization has lead to the concept of tumor immunoediting (1) (2) (3) . Immune dysfunction in the cancer-bearing host can promote tumor cell variants that are able to resist or suppress antitumor immune responses, leading to tumor progression. The complex strategies utilized by tumor cells to escape immune surveillance are not fully characterized but include the production of proinflammatory cytokines, expression of indoleamine 2,3-dioxygenase, differentiation of regulatory T cells, and recruitment of tumor-associated macrophages (4) . The continued identification of immunomodulating mechanisms utilized by tumor cells and their repair will help contribute to the development of effective immunotherapy treatments in the clinic. B cell chronic lymphocytic leukemia (CLL) is characterized by progressive accumulation of long-lived mature monoclonal B lymphocytes and represents an attractive model to study immune cells that have been exposed to circulating tumor cells. Although CLL cells are known to express tumor antigens that can be presented by MHC class I and class II molecules, there is no effective autologous immune response against the tumor cells, and a progressively growing tumor population results over time (5, 6) . This can be explained in part by CLL expressing high levels of immune-suppressing factors including TGF-β and IL-10 (7, 8) , low levels of expression of adhesion and costimulatory molecules essential for induction of effective immune responses (9) (10) (11) , and increased numbers of regulatory T cells (12) . We hypothesized that T cells from CLL cancer patients become dysfunctional with tumor development and previously characterized the T cell defects in tumor-bearing patients by analyzing the global gene expression of highly purified CD4 + and CD8 + T cells from peripheral blood from individuals with CLL compared with age-matched healthy donors (13) . Analysis revealed differentially expressed genes mainly involved in cell differentiation and cytoskeletal formation pathways in CD4 + T cells and in cytoskeletal formation, vesicle trafficking, and cytotoxicity pathways in CD8 + T cells. As complex cytoskeleton-dependent cellular processes are known to regulate T cell activation (14) , we speculated that T cells from CLL patients would be defective in immunological function.
T cell antigen receptor (TCR) engagement and recognition of antigen induces dramatic morphological changes in T cells, characterized by polarization of the actin cytoskeleton and accumulation of F-actin at the site of contact with the APC, termed the immunological synapse or immune synapse (15) . This cellular signaling structure orchestrates the complex communication between the T cell and the APC in a way that ensures detailed antigen recognition and effective T cell responses. As part of this process, key receptors and signaling molecules are recruited to supramolecular activation clusters (SMACs), major components of the immune synapse. The central SMAC (c-SMAC) contains proteins, includ-ing TCR, CD3, and Lck, that cocluster in the center of the mature synapse site. A second zone, the peripheral SMAC (p-SMAC), surrounds the c-SMAC and on T cells is characterized by high concentrations of integrin leukocyte function-associated antigen-1 (LFA-1, also known as CD18/CD11a or αLβ2). The LFA-1 ligand, intracellular adhesion molecule 1 (ICAM-1, or CD54), is expressed in the p-SMAC of APCs. The p-SMAC is thought to provide adhesive anchoring of the T cell to the APC, while the c-SMAC forms a protected zone for TCR signaling (16, 17) .
We hypothesized that T cells from cancer patients may inappropriately respond to APCs due to an inability to regulate actin remodeling effectively. In this study we show, by using both primary cells from CLL patients and the transgenic mouse model of CLL (Eμ-TCL1) (18) , that CD4 + and CD8 + T cells from tumor-bearing patients have an impaired ability to form immunological synapses. Our results show that critical immunological synapse formation steps are inhibited, including conjugation of T cells with APCs, the subsequent polarization of F-actin, and the recruitment of TCRs, adhesion molecules, and actin cytoskeleton proteins to the synapse contact site. Moreover, we provide evidence that this immunological defect is induced in healthy allogeneic T lymphocytes by direct contact with tumor B cells, identifying a cellular mechanism whereby CLL tumor cells may inhibit immunological recognition, facilitating disease progression. We also identify the potential of improving this immune dysfunction in CLL using an immunomodulatory drug lenalidomide, which appears capable of repairing F-actin polymerization and signaling at the immunological synapse.
Results

Autologous CD4 + and CD8 + T cells from CLL patients have impaired T cell conjugate formation and actin polymerization at the immunological synapse.
Our previous work demonstrated that both the CD4 + and CD8 + T cell populations from untreated patients with CLL have altered global gene expression profiles compared with age-matched healthy donors (13) and identified cytoskeleton organization as a common differentially expressed gene expression pathway. Since cytoskeletal remodeling and F-actin polymerization are essential for the formation of the immunological synapse, we hypothesized that T cells from CLL patients may have an abnormal ability to form a synapse. To test this, conjugates formed with previously untreated patient CD8 + or CD4 + T cells and superantigen-pulsed (sAg-pulsed) autologous CLL cells were examined for the distribution of F-actin after labeling with rhodamine phalloidin. The extent of actin polymerization in T cell conjugates from CLL patients was compared with age-matched healthy donor cells (primary CD4 + or CD8 + T cells conjugated with sAg-pulsed autologous B cells) by quantitative analysis of fixed conjugates by immunofluorescence and confocal microscopy.
Although TCR and LFA-1 surface levels were similar or slightly higher in T cells from CLL patients than in T cells from controls (data not shown and ref. 19 ), the percentage of T cells forming conjugates with sAg-pulsed CLL B cells was significantly reduced in CLL patients compared with healthy donor cells (25% versus 65% in the CD8 + population and 35% versus 60% in the CD4 + population, respectively; P < 0.001), suggesting that T lymphocytes from cancer-bearing patients poorly conjugate or interact with CLL B cells ( Figure 1A ). This conjugation formation defect was present in all CLL patient samples tested but significantly more pronounced with increasing elevation of circulating tumor lymphocyte counts ( Figure 1B ). As expected, quantification of F-actin polymerization at the T cell-B cell contact site showed that the majority of conjugates formed with healthy donor T cells exhibited a sharp band of F-actin at the immune synapse in the presence of antigen ( Figure 1 ,
Figure 1
CLL patients have impaired T cell immune synapse formation. (A) T cell conjugates formed between T cells from CLL patients or age-matched healthy donors and sAg-pulsed autologous CLL B cells or healthy B cells, respectively, were scored by visual counting using a confocal microscope. Each data set shows the mean ± SD from 6 independent experiments, with 50 random T cells analyzed per experiment. (B) Autologous conjugate experiments were performed as in A, comparing CLL patients with low (less than 20 mm 3 ) absolute wbc versus high wbc (20 mm 3 or more) with age-matched healthy donor cell conjugates. Each data set shows the mean ± SD from 3 independent experiments, with 50 random T cells analyzed per experiment. (C) T cells from CLL patients or age-matched healthy donors were allowed to conjugate with autologous CLL cells or healthy B cells, respectively, with or without sAg (blue, CMAC dyed). Conjugates were then fixed and stained with rhodamine phalloidin to detect F-actin (red). Note the lack of F-actin enrichment at the synapse site in T cells from CLL even in the presence of sAg-pulsed CLL cells. Original magnification, ×63. (D) Conjugates were selected at random for imaging and were scored for accumulation of F-actin at the immune synapse. Each data set shows the mean ± SD from 9 independent patient experiments, with 50 conjugates analyzed per experiment.
C and D). The background levels of F-actin polymerization at the synapse were defined by examining autologous conjugates in the absence of antigen, and no difference was identified between CLL patients and healthy donors ( Figure 1 , C and D). However, analysis identified significantly less antigen-dependent F-actin accumulation at the immune synapse in both autologous CD8 + and CD4 + T cells from CLL patients compared with healthy donor cells (greater than 50% reduction in both T cell populations; P < 0.001) ( Figure 1 , C and D). This defect was identified in all untreated CLL patient samples tested (n = 18), but again was more pronounced in patients with high circulating tumor lymphocyte counts (data not shown). Similar results were obtained for early and late CD4 + and CD8 + T cell conjugation time points (5 and 30 min; data not shown). Of note, the percentage of conjugates with actin polymerization was not increased following either CpG or CD154 stimulation of CLL B cells (data not shown). Taken together, these data demonstrate that T cells from cancer-bearing patients have a reduced capacity to form immunological synapses.
Defects in CLL B cells and T cells contribute to decreased immunological synapse formation. The low APC function of CLL cells has been recognized as a major factor likely to prevent autologous T cell responses against unstimulated CLL cells in patients (11) . However, the impaired immune synapse defect identified in CLL could result from not only the poor APC function of the CLL cells but also defects in the T cells or a combination of both factors. To investigate the relative contribution of each factor, we examined
Figure 2
Defects in CLL B cells and T cells contribute to decreased immunological synapse formation. (A) Conjugates from mixed allogeneic experiments using T cells or CLL B cells from leukemic patients with healthy allogeneic cells were selected at random for imaging and scored for accumulation of F-actin (red) at the immune synapse (with or without sAgpulsed APCs, blue). As controls, healthy T cells were conjugated with allogeneic healthy B cells. Data are the mean ± SD from 6 independent experiments, with 50 conjugates analyzed per experiment. (B) T cell conjugates from mixed allogeneic experiments (sAgpulsed CLL B or healthy B cells, blue) were scored by visual counting using a confocal microscope. Each data set shows the mean ± SD from 6 independent experiments, with 50 random T cells analyzed per experiment. Original magnification, ×63.
synapse formation in mixing experiments using CLL T cells or CLL B cells with healthy allogeneic cells. As expected, conjugates formed with healthy CD8 + or CD4 + T cells and allogeneic healthy B cells exhibited a strong band of F-actin at the immune synapse ( Figure 2A ). In contrast, significantly less actin polymerization at the synapse was observed in either healthy allogeneic T cells conjugated with CLL B cells or CLL T cells conjugated with healthy allogeneic B cells with or without the presence of antigen (P < 0.001; Figure 2A ). These immunological synapse defects were accompanied by defects in the formation of stable conjugates ( Figure 2B ; 
CLL B cells induce defective immunological synapse formation in healthy allogeneic T cells by direct cell contact. (A) Healthy T cells (T) were cocultured for 48 h with either healthy allogeneic B cells (B) or allogeneic CLL B cells and subsequently used in conjugation assays with or without
sAg-pulsed third-party allogeneic healthy donor B cells (APCs, stained blue). Conjugates were selected at random for imaging and were scored for accumulation of F-actin (stained red) at the immune synapse. Note the prevention of the synapse defect when cell adhesion was blocked by pretreatment of CLL B cells with anti-ICAM-1 monoclonal antibody prior to primary coculture with healthy T cells. Data are the mean ± SD from 3 independent experiments, with 50 conjugates analyzed per experiment. The confocal images shown are CD8 + T cells. Original magnification, ×63.
(B) T cell conjugates from A were scored by visual counting using a confocal microscope. Each data set shows the mean ± SD from 3 independent experiments, with 50 random T cells analyzed per experiment. (C) Healthy T cells cocultured for 48 h with either healthy allogeneic B cells or allogeneic CLL B cells in transwell culture plates and subsequently used in conjugation assays with or without sAg-pulsed third-party allogeneic healthy donor B cells (APCs). Conjugates were selected at random for imaging and were scored for accumulation of F-actin at the immune synapse. Data are the mean ± SD from 3 independent experiments, with 50 conjugates analyzed per experiment. P < 0.05). These data indicate that both tumor B cell and T cell defects contribute significantly to impaired immunological synapse formation in CLL patients.
CLL cells induce defective immunological synapse formation in healthy allogeneic T cells.
Our previous data demonstrated that direct-contact coculture experiments with CLL B cells and healthy allogeneic T cells induced altered cytoskeletal protein expression profiles, consistent with the comparative gene expression profiling results (13) . Thus, we postulated that direct interaction of CLL cells with healthy allogeneic T cells would induce similar immunological synapse defects, as identified in patient-derived T lymphocytes. We first performed experiments to assess the time and CLL B cell number required to induce these T cell defects. T cell defects were induced within 24 h using high numbers of CLL B cells, but maximal induction was seen by 48 h and was then independent of the CLL B cell number added (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI35017DS1). Therefore, in all subsequent experiments, we cocultured healthy CD8 + or CD4 + T cells for 48 h with either allogeneic CLL B cells or allogeneic healthy B cells (primary coculture) and subsequently used these T cells in conjugation assays with third-party healthy allogeneic B cells pulsed with or without antigen. Coculture with CLL B cells resulted in subsequent significant impairment in immune synapse formation compared with coculture with healthy B cells ( Figure 3A ; P < 0.01). In addition, the percentage of T cell conjugates was significantly reduced ( Figure 3B ; P < 0.01). This impairment of F-actin polymerization at the immune synapse in the subsequent conjugation assays was not seen when cell adhesion was blocked by pretreatment of CLL B cells with anti-ICAM-1 monoclonal antibody (but not isotype control IgG) prior to primary coculture and subsequent conjugation experiments ( Figure 3A) . These data indicate that direct contact exposure of T lymphocytes to cancer cells, mediated by cell adhesion, interferes with the subsequent ability of T cells to polymerize F-actin at the immunological synapse site. Further evidence that direct cell contact, and not secreted soluble factors alone, is required to induce this T cell immune defect from the CLL cells was provided by the findings that there was no subsequent immunological synapse impairment when healthy CD8 + or CD4 + T cells were cocultured for 48 h with CLL cells in primary transwell culture assays compared with coculture with allogeneic healthy donor B cells ( Figure 3C ). The finding that direct contact of CLL cells with allogeneic healthy T cells induces subsequent impairment of immune synapse formation has important clinical relevance for the use of donor lymphocyte infusions in the setting of bulk disease.
CLL tumor cells induce defective recruitment of immunological synapse signaling molecules. To investigate the molecular nature of the CLLinduced T cell immune synapse defect, we examined the targeting of a panel of proteins to the synapse. As before, primary cocultures were set up with healthy CD8 + or CD4 + T cells in direct contact with allogeneic CLL B cells or allogeneic healthy B cells for 48 h. These T cells were subsequently used in conjugation assays with third-party sAg-pulsed allogeneic healthy donor B cells for immunofluorescence and quantitative analysis.
Integrin clustering and activation, in particular LFA-1, is thought to stabilize T cell-APC conjugates when the TCR comes into contact with an appropriate peptide-MHC complex (16) . Significantly less LFA-1 clustering at the immunological synapse was observed in CD8 + (P < 0.05) or CD4 + (P < 0.01) T cell conjugates following coculture with CLL B cells compared with allogeneic healthy B cells ( Figure 4A and Supplemental Figure 2A ). In addition, these conjugate experiments demonstrated significant reduction of high-affinity LFA-1 (20, 21) localized at the immune synapse (P < 0.01 for CD8 + and P < 0.05 for CD4 + T cells) ( Figure 4B and Supplemental Figure 2B ). This reduced amount of integrin clustering and activity at the cell-cell synapse site is in keeping with the earlier observations that CLL T cells and healthy T cells following cancer cell contact had a reduced ability to conjugate efficiently.
Immunological synapse formation is regulated by TCR signaling, and Lck is the initial tyrosine kinase recruited after TCR clustering and ligation. Conjugate experiments demonstrated impaired recruitment of Lck to the T cell synapse in CD8 + or CD4 + T cells cocultured with CLL B cells compared with those cocultured with healthy B cells (P < 0.0001; Figure 4C and Supplemental Figure 2C ), and these findings correlated with the intensity of TCR clustering fluorescence signal (P < 0.0001; Figure 4D and Supplemental Figure 2D ).
Further analysis of CD8 + or CD4 + healthy T cells cocultured with CLL cells showed a significant decrease in the recruitment of other actin regulatory proteins to the immunological synapse in T cells, including Cdc42 (P < 0.0001 and P < 0.01, respectively), WASp (P < 0.0001), filamin-A (P < 0.05 and P < 0.01, respectively), and dynamin-2 (P < 0.01) (Figure 4 , E-H, and Supplemental Figure 2, E-H). Of note, all of these gene products were noted to be altered on gene expression profiling of T cells from CLL patients compared with healthy donors (13) .
Western blot analysis demonstrated alteration in relative total levels of proteins, representative of the cytoskeletal formation pathway in CLL T cells and in healthy T cells following coculture with CLL B cells. In particular, we observed increased expression of Cdc42, Arp3, and filamin-A, all central regulators of actin polymerization and T cell activation (14) , consistent with that seen in the verification of the gene expression profiling of T cells from CLL patients (13) . However, our present data show that irrespective of the upregulated expression of these proteins, they are not recruited effectively to the immunological synapse. Image quantification confirmed that coculture with CLL cells resulted in subsequently increased amounts of Cdc42 and filamin-A expression in nonconjugated T cells compared with protein expression levels following coculture with healthy B cells (Supplemental Figure 3 , A and B). We hypothesize that such elevated expression levels of cytoskeletal proteins in cancer-bearing patient T cells may suggest an intracellular retention of proteins caused by recruitment defects of these key signaling proteins to the immunological synapse. In support of a global T cell recruitment defect in CLL, our previous gene expression profiling identified many altered gene products involved in vesicle and intracellular transport pathways in CLL T cells compared with healthy donor T cells (13) . There were also cytoskeletal molecules whose expression was downregulated in T cells from CLL patients, including the large GTPase dynamin-2. Image quantification showed that coculture with CLL cells resulted in decreased dynamin-2 expression in nonconjugated T cells compared with coculture with healthy B cells (Supplemental Figure 3C) , confirming our previous gene expression profiling work.
CD8 + and CD4 + T cells from CLL patients had identical molecular recruitment defects at the synapse site as those induced in healthy allogeneic T cells through direct contact with CLL B cells (data not shown). These results suggest that following direct cell contact, CLL cells subsequently have the ability to block T cells recruiting key cytoskeletal signaling molecules to the immune synapse, adding further support for a significant cancer-induced immunological synapse defect in CLL.
CLL T cells have reduced activation and effector function. T cell activa-
tion occurs following TCR signaling and includes rapid recruitment of tyrosine-phosphorylated proteins to the T cell contact site with an APC. Thus, we examined the recruitment of such proteins using a specific phosphotyrosine antibody. Prior coculturing of healthy CD8 + or CD4 + T cells with CLL B cells reduced the subsequent phosphotyrosine fluorescent signal at the immune synapse in comparison with T cells that had been cocultured with healthy B cells (P < 0.0001; Figure 5A ). CLL T cells had a similar reduced phosphotyrosine signal compared with age-matched healthy donor T cells (data not shown). Tumor cellinduced synapse defects with diminished early T cell signaling would be expected to lead to impaired T cell proliferation and cytokine production. To investigate this, we cocultured healthy CD3 + T cells for 48 h in direct contact with either allogeneic healthy B cells or CLL B cells. The healthy T cells were then purified and used in secondary mixed lymphocyte reactions (MLRs) with third-party allogeneic PBMCs as stimulators. As shown in Figure 5B , primary coculture with CLL B cells suppressed subsequent proliferation and IL-2 cytokine production in the MLRs compared with coculture with healthy B cells (P < 0.05). This suppression was prevented when the CLL B cells were pretreated with anti-ICAM-1 monoclonal antibody, but not with isotype control IgG. These data demonstrate that direct contact of healthy T cells with CLL B cells induces not only decreased F-actin polymerization at the immune synapse, but also subsequent suppressed T cell proliferation. In addition, IL-2 cytokine production and proliferation upon stimulation with APC or cross-linking with CD3/CD28 were significantly decreased in CLL T cells compared with age-matched healthy donor cells with these stimuli (data not shown). In keeping with our previous observation that cytotoxic function of autologous T cells from CLL patients is rarely detected and proliferation responses are weak against CLL cells (6), we observed impaired ability to induce idiotype-specific CD8 + T cells capable of killing idiotype-pulsed target cells in T cells from CLL patients compared with healthy donors (P < 0.01) ( Figure 5C ). These results demonstrate that the T cells with immune synapse dysfunction in CLL also have suppressed T cell activation and effector responses.
The immunomodulatory drug lenalidomide enhances autologous immune synapse formation in CLL. Lenalidomide, a thalidomide analog, is clinically active in patients with relapsed or refractory CLL (22-24), multiple myeloma (25) , and myelodysplastic syndrome (26) . Lenalidomide has immune-activating properties with T cells including NKT cells (27, 28) . Thus, we examined the ability of lenalidomide to modulate formation of the immunological synapse in the autologous CLL patient setting. Pretreatment of ex vivo CD8 + or CD4 + T cells and autologous CLL B cells with lenalidomide 24 h before conjugation assays significantly (P < 0.01) increased the number of conjugates showing F-actin polymerization at the immune synapse compared with untreated CLL cells (P < 0.01) ( Figure 6A ) as well as the percentage of T cell conjugates formed (Supplemental Figure 4A ). Treatment of both CLL B cells and CLL T cells with lenalidomide was required since treatment of either cell alone did not result in increased actin polymerization ( Figure 6A ) or recruitment of tyrosine-phosphorylated protein to the synapse (Supplemental Figure 5 ). Culture of the CLL T cells alone for up to 72 h or with addition of exogenous IL-2 did not reverse the T cell defect (Supplemental Figures 6  and 7 , respectively).
Recent work from our group has demonstrated that development of CLL in the Eμ-TCL1 transgenic mouse model of CLL is associated with changes in gene expression profiles and immune function in CD8 + and CD4 + T cells similar to those identified in patients with this disease (Gorgün et al., unpublished observations). Thus, we wished to establish whether the T cells from mice with CLL also have an impaired ability to form an immunological synapse. CD8 + or CD4 + T cells and autologous sAg-pulsed CLL B cells exhibited significantly less actin polymerization at the immune synapse ( Figure 6B ) and less conjugate formation ( Figure 6C ) compared with healthy age-matched wild-type mice. Lenalidomide also increased synapse formation in this CLL mouse model. Treatment ex vivo of CD8 + or CD4 + T cells and autologous CLL B cells with lenalidomide significantly increased the number of conjugates showing F-actin polymerization at the immunological synapse site compared with untreated CLL mouse cells ( Figure  6B ) and T cell conjugate formation ( Figure 6C) .
In experiments using both human patient and mouse CLL cells, the enhanced immunological synapse formation effect of lenalidomide treatment was associated with an elevated tyrosinephosphorylated signal at the immune synapse site (P < 0.001) ( Results are the mean stimulation index ± SD from 5 independent healthy donor CD3 + T cells. IL-2 was assessed by ELISA, and values represent the mean ± SD from 5 independent healthy donor CD3 + T cells tested. (C) HLA-A*0201-expressing CD8 + cells were stimulated in vitro with DCs pulsed with immunoglobulin heavy chain-derived (IgVH-derived) peptide TLYLQMNSL weekly for 4 wk, and killing of peptide-pulsed H2 cells was assessed at the effector/target ratios shown. The results are the mean ± SD from 6 independent CLL patient and healthy donor experiments.
lenalidomide improved not only synapse formation, but also effector function as demonstrated by increased cytotoxicity of CLL B cells by autologous CD8 + T cells ( Figure 6E ).
To determine whether in vivo treatment with lenalidomide also enhanced these responses, actin polymerization and recruitment of tyrosine-phosphorylated protein to the synapse were examined in 4 patients from whom samples were available before and after treatment with lenalidomide (24) . Comparable with results seen ex vivo, there was enhanced actin polymerization ( Figure  7) and recruitment of tyrosinephosphorylated protein (Supplemental Figure 8 ) following treatment of patients with this agent.
The findings that lenalidomide can improve the immune synapse defect in CLL has important clinical implications for the treatment of CLL. The in vivo efficacy of lenalidomide is currently under investigation in ongoing clinical trials. An advantage of ongoing studies in the CLL mouse model is that we can examine the effect of this drug in combination with other therapeutic agents. The use of immunofluorescence and confocal microscopy to quantify immunological synapse formation as described here may provide us with a relatively rapid and simple method to assess whether immunotherapy approaches result in improvement in defective immunological synapse formation in CLL.
Discussion
Cancer is associated with immune deficiency, but the biological mechanisms for this are not completely understood. We use CLL as a model cancer to explore this question, as there is widespread interaction of circulating cancer B cells and immune T cells that can both be sampled from peripheral blood. It is well documented that CLL B cells are ineffective APCs, and this in part is due to low levels of expression of costimulatory and adhesion molecules required Treatment of patient and Eμ-TCL1 mouse cells with lenalidomide significantly enhances immunological synapse formation. Autologous T cell-sAg-pulsed CLL B cell conjugates from untreated (UT) or lenalidomide-treated (Lenalid.) CLL patient (A) or Eμ-TCL1 mouse cells (B) were selected at random for imaging and scored for accumulation of F-actin (red) at the immune synapse. As controls (healthy), autologous age-matched healthy donor or wild-type mice cells were used. Data are the mean ± SD from 3 independent experiments, with 50 conjugates analyzed per experiment. The confocal images shown are CD4 + human T cells. (C) Autologous T cell-sAg-pulsed CLL B cell conjugates from untreated CLL or lenalidomide-treated Eμ-TCL1 mouse cells were scored by visual counting using a confocal microscope. As controls, age-matched wild-type mice cells were used. Data are the mean ± SD from 3 independent experiments, with 50 random T cells analyzed per experiment. (D) Autologous T cell-sAg-pulsed CLL B cell (blue) conjugates from untreated or lenalidomide-treated patient CLL B and CLL T cells were stained for phosphotyrosine (green) and F-actin (red) using immunofluorescence and confocal microscopy. Images shown are representative of evaluation of 150 conjugates from 3 independent experiments. Arrows indicate protein localization at the T cell-APC synapse site. (E) Autologous cytotoxicity of CLL B cells was compared between untreated and lenalidomide-treated patient CLL B and CLL CD8 + T cells. Killing was assessed at the effector/target ratios shown. Data are mean ± SD from 6 independent CLL patient experiments. Autologous healthy donor cells were used as controls (with or without sAg-pulsed B cells). Original magnification, ×63.
for effective immune recognition (6, 11) . It has been suggested that this may contribute to malignant B cells inducing anergy (6, 29) . The defects we have observed in CLL T cells are global and are not restricted to antigen-specific responses, and are not reversed by addition of exogenous IL-2. Taken together, these suggest T cell suppression rather than anergy as a mechanism in this disease. Although the autologous immune response in CLL patients is very weak, we have demonstrated that autologous CTL cell lines can be expanded ex vivo against shared Ig-derived peptides presented by tumor cells that are able to kill patients' CLL cells (30) . It is likely that the low peptide-binding affinity of tumor-associated antigens including Ig-derived peptides to MHC class I molecules contributes to reduced antitumor immune response (30, 31) . These data suggest that effective CTLs that have the ability to target CLL tumor cells must be present within the T cell repertoires of cancer patients but are in some way suppressed. We hypothesized that there must be additional mechanisms used by CLL cells to escape immune surveillance and facilitate tumor progression. Our previous studies of gene expression profiling on the nonmalignant T cells from cancer-bearing patients identified profound changes in gene expression pathways in CLL T cells compared with healthy donors. This work demonstrated that these changes could be induced at the protein level in healthy T cells following short-term direct contact culture with CLL B cells.
Here we demonstrate that CD8 + and CD4 + T cells from CLL patients have an impaired ability to form an immunological synapse. Importantly, we demonstrate that short-term direct cell contact between CLL B cells and healthy allogeneic T cells induces the same immunological synapse defects as those identified in CLL T cells. Our results demonstrate one mechanism whereby tumor cells can actively modify T cell immunological recognition and function. These findings have important implications for both autologous and allogeneic immunotherapy treatment approaches including donor lymphocyte infusions in the setting of bulk disease (32) . These findings in human patients with CLL are in agreement with those in a murine model of colon carcinoma, where it was demonstrated that tumor-infiltrating lymphocytes had impaired F-actin recruitment and blockade of proximal TCR signaling (33, 34) .
Coculture of healthy T cells with CLL B cells results in suppressed F-actin polymerization and recruitment of key molecules including LFA-1, TCR, and Lck to the T cell synapse site, as well as additional signaling molecules associated with the immune synapse, including Cdc42, WASp, dynamin-2, and filamin-A. Dynamin-2 mediates F-actin polymerization at the immunological synapse and subsequent regulation of signals controlling TCR-mediated T cell activation (35) . Recruitment of filamin-A to the immune synapse is associated with cytoskeletal rearrangements including lipid raft recruitment that function as TCR-signaling platforms (36) . Thus, CLL B cells suppress the recruitment of proximal TCR signaling molecules such as Lck and key cytoskeletal signaling proteins. An intact immune synapse requires sustained TCR engagement with sufficient proximal signaling and an intact T cell cytoskeleton. Treatment of CLL T cells with PMA and ionomycin, which bypass TCR stimulation and immune synapse formation, does not enhance proliferation, IL-2 production, or effector function in human and mouse CLL T cells (data not shown). Taken together with our previous gene expression profiling data demonstrating alteration in expression of multiple components of cytoskeletal regulation suggests that the primary defect in the CLL T cells is a failure of cytoskeletal organization rather than blockade of TCR-mediated signaling.
The function of the immune synapse is to regulate T cell proliferation and activity in accordance with the nature of the T cell and APC involved and the quality and quantity of TCR ligands (17) . The formation of the synapse in CD4 + T cells allows the directed secretion of IL-2 and other cytokines toward the immune synapse and eventually T cell proliferation. CTLs form immune synapses that can deliver a lethal hit of cytolytic granules via the microtubule organization center. CLL T cells have reduced levels of tyrosine-phosphorylated proteins at the synapse and a reduced capacity to proliferate and produce IL-2. These defects were induced in healthy T cells by direct-contact coculture with CLL B cells. In addition, we identified a significantly decreased ability to induce antigen-specific CTLs capable of killing target cells from CLL T cells compared with healthy donor cells (P < 0.01). These results demonstrate that CLL impairs the capacity of T cells to form synapses and results in the associated functional responses.
Repair of the defects in T cell function is likely to maximize antitumor immune responses in CLL patients and enhance immunotherapy approaches. Lenalidomide is clinically active as a single agent in patients with relapsed or refractory CLL (22) (23) (24) . Here we demonstrate that ex vivo and in vivo treatment of both human patient and Eμ-TCL1 transgenic mouse cells with lenalidomide improves the defective immune synapse formation in CLL. The precise mechanisms of action of lenalidomide are not clear, although the drug has multiple immunomodulatory actions (37) . Uniquely in CLL, the use of lenalidomide is associated with a tumor flare reaction that may be associated with an immune-mediated antitumor response (22) (23) (24) 37) . Our ex vivo data suggest that a lower pharmacological concentration of this agent can improve immune synapse formation and effector function, and lower doses of this agent may result in a more acceptable treatment toxicity (23) . Ongoing studies are addressing whether the observed tumor flare reactions correlate with altered expression of costimulatory molecules on CLL cells or with improvement in immune synapse formation. Neither lenalidomide treatment of CLL cells alone nor CD154 treatment of CLL cells, both of which result in upregulation of costimulatory molecules (10, 24) , resulted in improved synapse formation. Treatment of both CLL cells and T cells with lenalidomide was necessary to improve immune synapse formation, further demonstrating that this drug acts on multiple cell targets. The mechanism(s) whereby lenalidomide mediates this activity in CLL T cells and whether this is unique in CLL or occurs in other B cell malignancies is also under investigation, but we have observed similar induction of defects in healthy T cells on culture with follicular lymphoma or diffuse large B cell lymphoma cells (data not shown).
Immunological synapse impairment is clearly used as an immunomodulating mechanism by tumor cells, and it is tempting to speculate that this can facilitate disease progression in the hostile immune environment of the host, similar to HIV-1 infection (38) . Our data identifying immunological synapse formation and the molecules regulating its organization provide functional biomarkers and targets for the reversal of immune deficiency in cancer.
Methods
Cell isolation. Heparinized venous blood samples from CLL patients and age-matched healthy donors were taken after obtaining written informed consent and approval by the North East London Research Ethics Committee. All CLL patients were previously untreated (median time from diagnosis, 26 [range 7-93] months) at the time that blood was obtained for these studies. CLL patients were selected to represent the heterogeneity of the disease including different Rai stages (I to III) and IgVH mutation status (mutated and unmutated) (data not shown). Of note, none of these factors were shown to be associated with extent of immune synapse defect or to be associated with change in gene expression profile (13) . In vivo-derived samples came from an institutional review board-approved trial examining the efficacy of lenalidomide in symptomatic, previously treated CLL patients (24) . We used healthy allogeneic B cells rather than CD5 + B cells as controls, based on previous data demonstrating that the gene expression profile of CLL cells was more similar to B cells than CD5 + B cells (39) . Additional methodology is described in Supplemental Methods.
Mice. Ethical approval and a project license from the Animal Procedures Committee of the Home Office were obtained for all animal experiments. Homozygous TCL1 transgenic mice (background strain B6C3) have been previously described (18, 40) . Breeding pairs were provided as a generous gift from Carlo M. Croce. B6C3 mice (wild-type controls) were purchased from The Jackson Laboratory. Additional methodology is described in Supplemental Methods.
Antibodies and reagents. These are listed in Supplemental Methods. Cell conjugation assays. Cell conjugates formed were a modification of those formed for previous studies (35, (41) (42) (43) . Healthy or malignant B cells (1 × 10 6 healthy B cells or CLL cells) were stained with CellTracker Blue CMAC (7-amino-4-chloromethylcoumarin) following the manufacturer's instructions and pulsed with or without 2 μg/ml of a cocktail of staphylococcal sAgs (SEA and SEB; Sigma-Aldrich) for 30 min at 37°C. B cells were centrifuged (200 g for 5 min) with an equal number of T cells and incubated at 37°C for 10 min (CD8 + T cells) or 15 min (CD4 + T cells) unless otherwise stated, then plated (centrifuged) onto poly-l-lysine-coated coverslips and fixed for 15 min at room temperature with 3% methanol-free formaldehyde in PBS.
Immunofluorescence and confocal microscopy image acquisition. Immunofluorescent labeling was done as previously described (41) and are summarized in Supplemental Methods.
Quantitative image analysis of conjugate formation and F-actin polymerization. Conjugation was scored by visual counting under a confocal microscope as described previously (44) and is summarized in Supplemental Methods. Quantification of F-actin, mAb24, filamin-A, dynamin-2, and phosphotyrosine polarization at the immune synapse was based on a previously described method (43) by random selection of 50 conjugate images containing a CellTracker Blue-stained healthy or CLL B cell in contact with a T cell. Polarization of proteins at the T cell contact site was scored as described in Supplemental Methods.
Quantitative image analysis of fluorescence. To quantitate recruitment of F-actin, LFA-1, Lck, TCR, Cdc42, WASp, and phosphotyrosine to the immunological synapse, the relative recruitment index was calculated as previously described using the NIH ImageJ program (36) . Additional methodology is described in Supplemental Methods.
CLL cell-T cell coculture assays. Coculture assays were carried out as previously described (13) and are summarized in Supplemental Methods.
Cytotoxicity. Chromium ( 51 Cr) release assay was performed as previously described (6) and is summarized in Supplemental Methods.
Allogeneic MLR. MLRs were carried out as previously described (45) and are summarized in Supplemental Methods. IL-2 was assessed by ELISA as previously described (45) .
Lenalidomide treatment. CLL cells and autologous T cells were treated separately with 0.5 μM lenalidomide in acidic PBS (24) for 24 h in full culture medium (10% human serum) at 37°C before cell conjugation assays. Lenalidomide was prepared as previously described (24) . Untreated autologous cells were also cultured separately using the acidic PBS alone without drug for 24 h in full culture medium at 37°C before conjugation assays.
Statistics. Statistical differences between experimental groups were evaluated by 2-tailed Student's t test. P < 0.05 was considered statistically significant.
